Secondary wall thickenings in tracheary elements were specifically stained by incubation of Arabidopsis and maize in Silver Stain Plus (Bio-Rad) staining solution, after pretreatment with SDS and ethanol solution. Scanning electron microscopic analysis of sections of celery revealed that silver particles were deposited on the secondary wall thickenings, indicating that the staining was due to the deposition of silver through the interaction of the stain with lignin. This method is more sensitive than the acidified phloroglucinol method.
Depending on tissue developmental stage, tracheary elements of higher plants have various geometric patterns of secondary wall thickenings on their inner surfaces. 1) Unlike the primary cell wall which is composed of cellulose, hemicellulose, pectic substances, and proteins and is thus highly hydrophilic, the secondary wall contains the hydrophobic compound lignin, which consists of a complex network of aromatic compounds. Acidified phloroglucinol is widely used as a stain for lignin, but, in contrast to the xylem of woody plants, the secondary wall thickenings of herbaceous plants stain poorly with acidified phloroglucinol, probably due to their low lignin content.
Silver staining, which is conventionally applied in the staining of proteins and nucleic acids, has been reported to stain lignin following electrophoresis.
2) Unlike conventional silver staining, the Silver Stain Plus (Bio-Rad, San Diego, CA, U.S.A.) staining solution does not stain agarose gels or polysaccharide. When we mixed the staining solution with a solution of lignin (Aldrich, St. Louis, MO, U.S.A., catalog code 37,095-9), a black precipitate formed within a few minutes (data not shown). Hence we started to investigate whether the staining solution can be used to stain the secondary wall thickenings of herbaceous plants but not their primary cell walls.
The whole-mount silver staining procedure used was as follows: To remove proteins, fresh plant organs of Arabidopsis (Arabidopsis thaliana) and maize (Zea mays) were incubated in 1% SDS at 90 C for 15 min, followed by sonication for 2 min. The incubation and sonication steps were performed twice. After washing in distilled water, water-insoluble compounds such as chlorophylls were removed by incubation in 80% ethanol for several hours. After further washing in distilled water, the samples were incubated at room temperature in the Silver Stain Plus staining solution. Vessels were stained to dark-brown within a few minutes. The reaction was terminated by transferring the samples to 5% acetic acid.
The secondary wall thickenings of tracheary elements of rosette leaves and flower buds of Arabidopsis were stained intensely ( Fig. 1a and c) . In contrast, other cell walls were not stained. The acidified phloroglucinol gave a similar pattern of staining (Fig. 1b) . These results strongly suggest that the silver staining solution stains lignin accumulated in the secondary wall thickenings. The sensitivity of the silver staining was much higher than that of acidified phloroglucinol. Specific staining of secondary wall thickenings was also observed in the cauline leaves and stems of Arabidopsis (data not shown). Commelinoid orders of monocot, which include maize, contain aromatic substances (hydroxycinnamic acids) in their nonlignified cell walls (for a review, see Carpita 3) ). But in the case of the maize leaf, only the secondary wall thickenings of tracheary elements were stained (Fig. 1d-g ), as in Arabidopsis.
To analyze the structure of the surfaces of stained secondary wall thickenings, a section prepared with a microtome was stained as described above and dried for scanning electron microscopic analysis. In this experiment, the petiole of celery (Apium graveolens) was used because the dried section could be prepared more easily than those of Arabidopsis or maize. The secondary wall thickenings were stained specifically as in Arabidopsis and maize (data not shown). Scanning electron microscopic analysis indicated that silver particles were deposited on the secondary wall thickenings (Fig. 2,  thick arrows) . In contrast, no deposition of particles on the primary walls was observed (Fig. 2, thin arrows) . These results indicate that the staining of secondary wall y To whom correspondence should be addressed. Tel: +81-75-724-7791; Fax: +81-75-724-7762; E-mail: sakito@kit.ac.jp Biosci. Biotechnol. Biochem., 68 (12), [2627] [2628] [2629] 2004 Note thickenings of tracheary elements was due to the deposition of silver through interaction of the stain with lignin.
Compared with acidified phloroglucinol, the silver staining solution is highly sensitive and good for longterm storage of samples. Although pretreatment before staining and termination of reaction are necessary, this method is simple enough to stain many samples. The specific staining of secondary wall thickenings of these plants is probably due to lower lignin content in other cell walls. In contrast to these plants, xylem and stone cells as well as secondary wall thickenings of tracheary elements, and pith, faintly, were stained in transverse sections of stem of a woody plant, mulberry (Morus alba). This pattern was similar to that of staining with acidified phloroglucinol, indicating that these sites were lignified (data not shown).
It should be noted that the staining solution stained lignin in plant tissues, though not all stained sites contained lignin. Longer incubation in the staining solution produced background staining, on the inside of protoplasts, for instance, probably because of residual proteins. In addition, transverse sections of stem of the gymnosperm tree, pine (Pinus thunbergii), gave a strong signal even in nonlignified cell walls (data not shown). Due to the hydrophobic nature of lignin, conduction of water through the vessels may be influenced by the geometric pattern of the secondary wall thickenings. The regulation of wall patterns is therefore agronomically important. Microtubles and actin filaments have been reported to be involved in the spatial disposition of secondary walls (for a review, see Fukuda 4) ), and genes whose expression is associated with the development of tracheary elements have been reported, [5] [6] [7] [8] [9] but, the molecular mechanisms regulating wall patterns are yet to be elucidated. To investigate such molecular mechanisms, mutants of model plants such as Arabidopsis and maize with impaired wall patterns are necessary. The whole-mount silver staining method presented here might prove useful in the isolation of such mutants.
